INTRODUCTION
Workplace experience may represent an important source of stress, increasing the risk of cardiometabolic disease. For example, a combination of having high job demands and low control (known as job strain), efforts at work exceeding rewards in terms of pay, esteem, or career opportunities (i.e. effort-reward imbalance), and long working hours have been associated with coronary heart disease or stroke. 1 Job strain and long working hours have also been associated with for example diabetes, 2, 3 although the findings on diabetes have not been universal. 4 Social support at work and injustice represent other possible risk factors for coronary heart disease 5 and recent work indicate that social stressors, such as bullying and violence, are associated with increased risk of diabetes and cardiovascular disease. 6 While these various links between psychological work characteristics and health endpoints appear to be robust, the mechanisms that explain these effects are not well understood. 1 Systemic inflammation has been proposed as a plausible mechanism for the association between psychological stress and chronic diseases. 7 Psychosocial factors, including work characteristics, are thought to activate the hypothalamic-pituitary-adrenal and sympathetic adrenal medullary systems, which can increase production of cytokines such as interleukin 6
(IL-6), interferons, and tumor necrosis factors and activate a C-reactive protein (CRP) response. 8 This kind of response to stressors may be beneficial in the short term by a direct activation of the immune system in response to acute threats, but prolonged exposure to stress is assumed to be harmful, contributing to elevated systemic inflammation. 7 These inflammatory markers have also been implicated in the pathogenesis of cardiovascular disease and diabetes, 9 although conclusive evidence is lacking.
A recent large scale study showed a relationship between effort-reward imbalance at work and higher white blood cell count, also a marker of inflammation, 10 and a review focusing on effort-reward imbalance at work found associations with markers of reduced immune competence and increased inflammation. 11 Research on the association between the job demand-control-support model and inflammatory markers has been less conclusive: some studies have found an association between job strain, job demands or job control and CRP 12, 13 or IL-6, 14 while no association was observed elsewhere. [15] [16] [17] [18] A relationship between social support at work and IL-6 19 or CRP 12 have also been reported but, again, discordant results exist. 16, 17 With most of the evidence regarding work stress and inflammation being derived from crosssectional studies, concerns about reverse causality are raised. Accordingly, we aimed to investigate whether components of the job-demand-control-support model are longitudinally associated with IL-6 and CRP. Moreover, we investigated whether these inflammatory markers mediate the association of job demands, job control, and workplace support with diabetes, which has not been examined longitudinally. The study was based on repeated measure data, allowing for mediation analyses with proper temporal order between exposure, potential mediator and outcome variables.
MATERIAL AND METHODS

Sample
The study was based on data from the Whitehall II study, in which employees aged years were recruited from 20 London-based Civil Service departments. 20 The The study sample for the present analyses consisted of study members who participated in three subsequent phases of clinical measurements: phase 3 (1991-1993) when IL-6 and CRP were first measured (our effective 'baseline' in the present analyses), phase 5 (1997-1999) , and phase 7 (2003-2004) . Of the phase one participants, 85%, 71%, and 68% participated in these phases, respectively. The total number of participants in all three phases included in the different analyses is shown in Supplemental Figure S1 . Almost 2000 individuals, still working in phase 7, had complete data on job demands, job control, or workplace support, inflammatory markers and diabetes in all three phases required for the mediation analyses, while up to 4354 individuals provided both questionnaire and clinical data for bivariate analyses.
Psychosocial work characteristics
Four indicators were investigated in the present study; job demands, job control, social support at work, and job strain (a combination of job demands and control). These indicators were based on the job demand-control-support model. 21, 22 Other psychosocial working conditions such as effort-reward imbalance were not available in all three phases. Four questions, based on a modified version of the Job Content Questionnaire, were used to capture job demands (e.g. working very hard/intensively, having enough time) and 15 questions were used to measure job control (e.g., learning new things, high level of skill, a lot of say/what to do). Work social support was ascertained using six items on support from supervisors and colleagues, as well as clarity and consistency of information. The items in each subscale were originally combined into scores ranging between 0-100%, shown to have acceptable internal consistency. 23 We divided the original scales by 10 in order to achieve more equal variances in the models. Finally, we created a measure of job strain by first dichotomizing job demands and job control using median split. In our analyses, we considered people with a combination of high job demands and low control at work as being the group exposed to job strain with the remainder as unexposed.
Inflammatory markers
Clinical measurements were performed according to standard protocol. Venous blood samples were taken in the morning after over-night fasting, or in the afternoon after no more than a light, fat-free breakfast eaten before 08:00. 
Covariates
A number of baseline characteristics measured at phase 3 were also considered as potential confounders including age and sex. Occupational position was categorized into 3 groups:
administrative, professional and executive, and clerical and other. Moreover, longstanding illnesses, disability or infirmity other than diabetes and affecting people lives at baseline were considered in additional models. Weight (measured by Soehnle scale to the nearest 0.1 kg) and height (measured to the nearest mm using a stadiometer) were assessed by trained nurses.
Body mass index (BMI), calculated as weight divided by height squared, current smoking (yes/no), risky alcohol consumption (drinking more than 21 or 14 units per week for men and women, respectively), low physical activity (less than 1 h of moderate or vigorous physical activity per week), and antihypertensive, CVD or diabetic medication were considered as covariates in supplementary analyses.
Data analyses
Structural equation modeling was used to perform simultaneous multiple regression analyses.
We first assessed associations between each psychosocial work characteristic and each inflammatory marker separately, and between each inflammatory marker and diabetes (bivariate analyses). The models included correlations between variables measured in the same phase, autoregressions between the observed variables in order to account for earlier values of the same measures, and cross-lagged paths in both directions to test bidirectional relationships over time. 26 Estimates of associations were reported as standardized regression coefficients with accompanying 95 % confidence intervals. The corresponding estimates of association across different phases were assumed to be equal to increase precision and reduce model complexity. The models including continuous work characteristics and inflammatory markers only were fitted with Maximum Likelihood (ML) estimation with robust standard errors, while the models of inflammatory markers and diabetes were fitted with Diagonal
Weighted Least Squares (DWLS) with robust standard errors to account for the categorical nature of the diabetes estimate. 27 Several different models were fitted, sequentially adjusting for covariates, and multigroup analyses performed to assess if there were any differences between men and women.
If the bivariate analyses showed that work factors were associated with future values of the inflammatory markers and that inflammatory markers were associated with subsequent diabetes, we further fitted models simultaneously including exposure-, putative mediator-and outcome variable. The autoregressive SEM models were specified in accordance with the approach for time-varying exposures and mediators described by VanderWeele and Tchetgen Tchetgen 28 based on a three wave mediation model proposed by MacKinnon. 29 The indirect effect of a psychosocial work characteristic in phase 3 on diabetes in phase 7 via an inflammatory marker in phase 5 was calculated by the product method and based on standardized regression coefficients. To test whether the results were also robust to possible bias by violations in assumptions about non-linearities and interactions, we also calculated a randomized interventional analogue of the natural indirect effect (NIE R ) based on the counterfactual framework, also referred to as the mediational g-formula. 28 The Model fit was assessed by the comparative fit index (CFI), the Tucker-Lewis index (TLI), and the root mean square error of approximation (RMSEA) based on recommendations available in the literature. 30 Values of RMSEA less than 0.05 and CFI and TLI close to 1 are assumed to be indicative of a well-fitting model. The analyses were conducted using the lavaan package in R.
3. RESULTS Table 1 presents the baseline characteristics for the 4638 participants. Compared to excluded individuals, the analytical sample had a higher proportion of men, employees from higher social groups, people with risky alcohol consumption, but a lower prevalence of the current smokers. The mean age was also lower in the analytical sample, as were the levels of IL-6 and CRP, while mean levels of exercise, demands-, control-and support at work were higher.
People with high job demands, low job control and low workplace social support at work had similar distributions of demographic-, lifestyle-, and clinical characteristics as their counterparts.
Work characteristics and inflammatory markers
The bivariate analyses on work characteristics and inflammatory markers indicated a lagged association between workplace social support and IL-6 (Supplemental Table S1 , Figure 1a ).
Lower workplace social support was associated with higher levels of IL-6 in the subsequent phase (standardized regression coefficient ß=0.03, CI 0.00 to 0.06, p=0.051 after adjusting for sex, age and occupational position). This indicated that a decrement in one standard deviation in support (on a scale from 0-10) increased the level of IL-6 (log scale) by 0.03 standard deviations, meaning an increase with 1.03 on the original scale (0.1-41.3 pg/ml) or by 3%. A correlation was also observed between workplace social support and IL-6 suggesting a contemporaneous association. The results were similar when adjusting for long-term illness and BMI, health behaviors and medication (Supplemental Table S1 ). However, IL-6 was not determined by job demands or job control in the previous phase (Supplemental Table S2 Table S5 -8) , but a correlation between contemporary job demands and CRP and between job strain and CRP was found (Supplemental Table S6 , S8, Figure 1d ). All models above showed acceptable fit to the data according to CFI (0.91-0.95) and/or RMSEA (0.07-0.10).
Figure 1 about here
Multigroup analyses were further performed while adjusting for age and occupational position. Some models stratified for sex showed better to the data according to chi-square difference tests, indicating some difference between men and women. In models regarding job control and IL-6, job control predicted subsequent IL-6 among women but not men and the association between job strain and IL-6 measured at the same phase differed among women (Supplemental Table S9 ). We also found that a model regarding job strain and CRP stratifying for sex fitted better than a model including both men and women, but there were no major differences in estimates of contemporaneous or lagged effects (Supplemental Table   S10 ).
Inflammatory markers and diabetes
Next, unadjusted and adjusted analyses confirmed an association between both IL-6 and later diabetes as well as between diabetes and later IL-6 ( Figure 2 , Supplemental Table S11 ). A similar pattern was found for CRP (Supplemental Table S12 ). In models adjusting both for sex, age, occupational position, long-term illness, BMI, health behaviors and medication, even stronger estimates of association were found between diabetes and later inflammatory markers, which were stronger than the estimates of association in the direction from inflammatory marker to diabetes. The models showed acceptable fit to the data according to CFI (0.92-0.95) and/or RMSEA (0.07).
Figure 2 about here
In multigroup analyses we found that sex-stratified models fitted better to the data. The most obvious difference was a strong relationship between diabetes and subsequent IL-6 among men, while no corresponding statistically significant association was observed among women.
These analyses, however, generally confirmed an association between both inflammatory markers and later diabetes as well as between diabetes and later inflammatory markers (Supplementary Table S13 ).
Work characteristics, inflammatory markers, and diabetes
Based on the results above we performed subsequent analyses including both workplace However, no total or indirect effect was observed among women (n=446).
Finally, we also fitted a mediation model looking at job control, IL-6 and diabetes among women, but found no total effect of job control on diabetes over the three phases.
DISCUSSION
The main findings of the present study were that poorer social support at work was prospectively associated, although weakly, with diabetes and increased levels of IL-6. This prospective association was partly explained by an indirect effect through IL-6.
Comparison with previous studies
The finding of an association between workplace social support and diabetes is in contrast to a review and meta-analysis which concluded that there was no relationship between low workplace social support and diabetes, although this meta-analysis relied largely on crosssectional studies. 31 The present results are also in contrast to a previous study considering job demands, job control and workplace support based on Whitehall II data which did not observe an independent association between work social support and diabetes over 15 years of followup. 32 Another study even detected an inverse relationship with diabetes among women. 33 The discrepancy with the previous Whitehall study may be partly due to differences in sample, time frame and single baseline versus repeated measures of support. However, in the Whitehall II study the combination of job strain and low social support at work (iso-strain) appeared to increase the risk of incident diabetes among women. The present study also support a recent study suggestive of an association between social work stress and diabetes. 34 Recent work on negative social interactions also suggest that bullying and violence is a risk factor for diabetes. 6 Previous evidence on social support at work and inflammatory markers has also been somewhat conflicting, as some studies have observed associations with IL-6 or CRP 19 The results further supported a link between both IL-6 and CRP, and diabetes as well as between diabetes and IL-6. This was expected as previous research have shown that elevated levels of IL-6 and CRP are associated with increased risk of diabetes 37 and demonstrated that chronically elevated levels of glucose can induce inflammation. affected. 39 It should also be noted that IL-6 and CRP may not be optimal indicators of inflammation as elevated levels may also reflect tissue repair and immune activation without inflammatory process. 40 More research thus seem warranted using more unambiguous inflammatory markers to strengthen the knowledge about inflammation as a pathway.
The results indicated a weak indirect effect, suggesting that around 10 % of the association between work social support and diabetes could be attributed to an increase in IL-6. However, the extent of mediation should be interpreted cautiously. These estimates of mediation may be biased if a number of assumptions are not fulfilled, relating to no confounding and correct specification of models. The no confounding assumptions include: 1) no unmeasured confounding of the exposure-outcome association, 2) no unmeasured confounding of the mediator-outcome association, 3) no unmeasured confounding of the exposure-mediator association, and 4) no mediator-outcome confounder affected by the exposure. These assumptions may be violated if the temporal ordering is not correct, which was considered and modelled explicitly in the present study, increasing the likelihood that exposure preceded the mediator and the mediator preceded the outcome. However, we cannot rule out that previous levels of work stressors and inflammatory markers and unmeasured factors such as personality traits and adverse childhood experiences confound the associations, although some analyses eliminating fixed individual characteristics supported the main findings.
Factors such as health behaviors and body mass index may also be confounders affected by the exposure, and hence mediators of the association between psychosocial work characteristics and diabetes. We adjusted for these type of factors at baseline, which did not change the results of this study, but we did not consider time-varying health behaviors that could bias the estimate of indirect effect. The estimates of indirect effect also differed slightly between the product method and the counterfactual based approach. The presence of an indirect effect using the product method may be sufficient for establishing the presence of mediation but suffers from some limitations. The counterfactual based estimate may be more likely to represent a causal estimate because it is interpretable as the indirect effect not attributed to interactions between exposure-mediator and for any type of variables not limited to linear variables, given that the above mentioned assumptions hold. This estimate may therefore be more informative when it comes to estimating the extent to which an association is mediated. 28 In line with a number of previous studies, but contrary to some others, [12] [13] [14] [15] [16] [17] [18] 41 there was a lack of association between job demands/control and inflammatory markers in analyses with men and women combined, indicating no role of IL-6 and CRP as mediators of any association between these work characteristics and diabetes over the time frame of the study, which was relatively long; around 5 years between the subsequent measurements and 10 years in total.
We cannot exclude the possibility that job demands and job control are related to inflammation and mediate any relationship over shorter time lags. Moreover, we did not assess accumulated exposure to unfavorable job demands and job control which could give rise to chronic low-grade inflammation even in the absence of a short-term effect.
Job control was, on the other hand, related to subsequent IL-6 among women but not men, although no major sex differences in associations over time was indicated. This partly in line with the previous Whitehall II study that found an association between job strain and diabetes among women but not men. 32 However, no sex differences were found in another metaanalyses, based on multiple cohort studies from Europe on job strain and diabetes 2 . Because the number of women included in the present study was relatively small it is, however, questionable whether the power was sufficient for testing sex differences. Few earlier studies have also examined possible sex differences in the relationship between work characteristics and inflammatory markers. More work thus seems warranted to understand if there are any sex differences in response to stress. 42 
Strengths and limitations
The findings of the present study should also be interpreted in the light of other strengths and limitations of the study. In our analyses we considered prior values of both exposure, mediator and outcome decreasing the risk of confounding. By also modelling associations in the opposite direction, we reduced the risk of reverse causation. The use of measures from three phases is a major strength since we cannot rule out an influence of inflammatory markers on work characteristics, and there are bidirectional relationships between inflammatory markers and diabetes. If the directionality is uncertain, mediation analyses based on studies not allowing for time to elapse between exposure and mediator as well as mediator and outcome can be severely biased. 43 The potential mediators were also measured in the clinic reducing the risk of misclassification of the mediator, and we used a more accurate assessment of diabetes than simple self-reports, including oral glucose testing. Only the work characteristics exposures were self-reported and hence may suffer from reporting bias, although the risk of common method bias is reduced in our design. We adjusted for several potential confounders in our analyses. Finally, the study was restricted to a relatively small group of people participating repeatedly and still working at the end of follow-up with characteristics generally indicating a healthier profile. It is possible that this type of selection can lead to underestimation of associations.
Conclusions
This prospective study indicates that poor workplace social support is associated with an increased risk of diabetes and that this is to a small extent mediated through an increase in IL-6. Our results imply that inflammation may be a mechanism that explains the association between social relationships and diabetes. 
